Streptomyces sp. CH7 was found to efficiently produce glucose(xylose) isomerase when grown on either xylan or agricultural residues. This strain produced a glucose(xylose) isomerase activity of roughly 1.8 U/mg of protein when it was grown in medium containing 1% xylose as a carbon source. Maximal enzymatic activities of about 5 and 3 U/mg were obtained when 1% xylan and 2.5% corn husks were used, respectively.
INTRODUCTION
Glucose(xylose) isomerase catalyzes the reversible isomerization of glucose to fructose and that of xylose to xylulose. It is an important enzyme used in the industrial production of high-fructose corn syrup (HFCS) (3) . Apart from the food industry, this enzyme has recently gained more interest due to its potential applications in the biofuel industry.
Currently, ethanol is the major form of biofuel, and numerous technologies have been employed to improve its production (1, 19, 26) . Furthermore, fuel ethanol production from hemicellulosic hydrolysates by Saccharomyces cerevisiae is of great economic interest as an alternative to fossil fuel (18) .
Whereas wild-type S. cerevisiae can ferment xylulose to ethanol via the pentose-phosphate pathway (28) , it cannot ferment xylose. Xylose is a major monosaccharide in plant hemicellulosic hydrolysates that can account for up to 30% of total sugars in some plant biomasses such as that of hardwoods *Corresponding Author. Mailing address: Department of Microbiology, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand.; E-mail: Pairoh.P@Chula.ac.th Glucose (xylose) isomerase production by Streptomyces and agricultural residues (8) . Therefore, glucose(xylose) isomerase indirectly plays an important role in the ethanol fermentation of plant biomass hydrolysates by S. cerevisiae.
Many microorganisms have been reported to produce glucose isomerase, and most of them require xylose as an inducer for enzyme synthesis (2, 6, 9) . Hemicelluloses are heterogeneous plant polymers consisting of pentoses, hexoses and sugar acids in which xylan, a backbone of 1,4-linked xylopyranosyl residues, is found as the major polymeric compound (28) . As hemicelluloses are abundantly available in nature, they are good renewable resources for biofuel production, and they are cheap substrates for the production of glucose isomerase by microorganisms capable of growing on xylan-containing materials. We previously reported that Streptomyces sp. CH7 is capable of growing on xylan and that it efficiently produces β-xylosidase (20, 27) . Furthermore, we also showed that β-xylosidase from this strain acts cooperatively with other xylanolytic enzymes from Streptomyces sp. PC22 to efficiently hydrolyze agricultural residues simply prepared as milled particles with no requirement for prior pretreatment with either chemicals or steam explosion (21) . Here we report the ability of Streptomyces sp. CH7 to produce glucose isomerase when grown on agricultural residues. The ability of Streptomyces sp. CH7 to use low cost substrates for glucose isomerase production will reduce enzyme production costs and subsequently make both HFCS and ethanol production from hemicellulosic hydrolysates more cost effective and sustainable. The purification and characterization of this enzyme are also presented.
MATERIALS AND METHODS

Microorganism
Streptomyces sp. CH7 (GenBank accession number DQ385868) was used. It was maintained as a spore suspension at -20 o C and prepared according to Kieser et al. (11) . 
Growth conditions and enzyme preparation
Protein content
Protein content was determined by the Lowry method (17) using bovine serum albumin as a standard. measuring the release of reducing sugars from xylan as previously described (29) . β-Xylosidase was determined by measuring the amount of p-nitrophenol released from pnitrophenyl-β-D-xylopyranoside as previously described (20) .
Purification of glucose isomerase
The mycelial extract referred to as the crude enzyme from determined from Lineweaver-Burk plots using glucose and xylose at concentrations ranging from 100 to 800 mM and 20 to 160 mM, respectively, as substrate.
Estimation of molecular mass
The apparent molecular mass of the purified enzyme in native form was determined by gel filtration on Sephacryl S-300 using ferritin (450 kDa), catalase (250 kDa) and globulin (150 kDa) as molecular mass standards. Subunit molecular masses were determined by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) in a 12%
(w/v) acrylamide gel by the method of Laemmli (13) .
RESULTS AND DISCUSSION
Effects of xylose and glucose on glucose isomerase production
The present work demonstrated that Streptomyces sp. CH7
is capable of producing glucose isomerase when grown on either xylose or glucose (Fig. 1) . Enzyme activity was roughly five-fold higher in the presence of xylose, indicating that the synthesis of this enzyme is constitutive in the presence of Glucose (xylose) isomerase production by Streptomyces 
Effects of xylan and agricultural residues on glucose isomerase production
Because CH7 can grow on xylan and produce β-xylosidase (20), we investigated its ability to produce glucose isomerase when grown on xylan. As shown in Figure 2 , CH7 efficiently produced the enzyme in the presence of xylan. This capability will lead to the discontinuation of xylose as an inducer. The maximum glucose isomerase production (of about 5 U/mg) was obtained at 1% xylan when grown for 3 days. The enzymatic activity was about 3-fold higher when xylan was used as the carbon source as compared with the use of xylose as a carbon source. This finding is in agreement with those of Belfaquih and Penninckh (2) who studied Streptomyces sp.
EC10 and found that higher levels of xylose isomerase were produced using xylan, from either birchwood or oat-spelt, as the carbon source than was produced using xylose as the carbon source. Streptomyces sp. EC10 provided roughly 1.3-and 1.7-fold higher enzyme levels with xylan from oat-spelt and birchwood, respectively.
We further investigated the ability of CH7 to use different hemicellulosic agricultural residues as a carbon source for the simultaneous production of xylanolytic enzymes including Glucose (xylose) isomerase production by Streptomyces xylanase, β-xylosidase and glucose isomerase. The results shown in Table 1 indicate that corn husks are the best carbon source for enzyme production, and the optimal concentration of corn husks is shown in Figure 3 . This finding shows that cheap and abundantly available agricultural residues can replace the more expensive xylose and xylan for glucose isomerase production by CH7. 
Purification, molecular characteristics and properties of glucose isomerase
Glucose isomerase from Streptomyces sp. CH7 was purified to homogeneity from the mycelial extract by only two column chromatography steps. A summary of the purification procedures is presented in Table 2 . The final purification resulted in a considerably high yield (64.5%) with about 16-fold purity. The molecular mass of the enzyme was estimated by gel filtration on Sephacryl-300 to be approximately 170 kDa (data not shown), and it consists of four identical subunits with a molecular mass of 43.6 kDa as estimated by SDS-PAGE (Fig   4) . These values are slightly different from those of the glucose isomerases from Streptomyces sp. EC10 (163 kDa with 4 identical subunits of 42 kDa) (2) and from Streptomyces sp. SK strain (180 kDa with four 43-kDa subunits) (4).
As shown in Figure 5 , the enzyme had maximal activity at has the potential for industrial applications such as highfructose syrup production and xylose isomerization for substrate preparation for ethanol fermentation by S. cerevisiae.
It was also found that this enzyme has no activity against β-Dxylopyranoside, which distinguishes it from glucose isomerase from Streptomyces sp. EC10 (2) and indicates that it is not a bifunctional β-xylosidase/ xylose isomerase protein.
Effect of metal ions
There 
CONCLUSION
Streptomyces sp. CH7 was found to be capable of producing glucose(xylose) isomerase efficiently when grown in medium containing corn husks, simply prepared as milled particles, as a carbon source. This cheap and abundantly available carbon source will result in low enzyme production costs. The enzyme was found to have optimal activity at 85 o C and pH 7.0, and it is stable across a broad pH range (5.5-8.5).
Therefore, it has the potential for industrial applications, especially for high-fructose syrup production and for substrate preparation for bioethanol fermentation from xylose (a major Glucose (xylose) isomerase production by Streptomyces component in hemicellulosic hydrolysates) by Saccharomyces cerevisiae.
